Introduction Cartilage endplate (CEP) degeneration is usually accompanied by loss of cellularity, and this loss may be a crucial key factor in initiation and development of degenerative disc disease. The study of cell types in degenerated CEP could help in understanding CEP etiopathogenesis, and may help in devising new treatments, especially if the presence of progenitor cells could be demonstrated. The aim of this study was to determine if progenitor cells existed in degenerated human CEP. Materials and methods Cells isolated from CEP were cultured in a three-dimensional agarose suspension to screen for proliferative cell clusters. Cell clusters were then expanded in vitro and the populations were analyzed for colony forming unit, immunophenotype, multilineage induction, and expression of stem cell-related genes. Results The presence of progenitor cells in degenerated human CEP is indicated by the results of CFU, immunophenotype, multilineage induction, and expression of stem cell-related genes. Conclusions We believe that this is the first study which has conclusively shown the presence of progenitor cells in degenerated CEP. The finding of this study may influence the clinical management of degenerative disc disorder.
Introduction
Low back pain is a highly prevalent, costly affliction worldwide and is one of the most common reasons for seeking medical advice. Although back pain has many complex causes, degenerative disc disease especially in its early unstable stage is considered to be most important of all the causes [1] . Intervertebral discs are unique cartilaginous joints that provide connectivity between adjacent vertebrae while simultaneously enabling mobility. They are the largest avascular structure in the human body; the mature discs are almost totally reliant on the diffusion of essential solutes across the cartilage endplate (CEP) for nutrition and metabolic exchange [2, 3] . Therefore, many researchers believe that CEP degeneration plays a crucial role in the initiation and development of degenerative disc disease (DDD) [4] [5] [6] . CEP degeneration includes many changes such as calcification of the CEP [7] , depletion of proteoglycans from the CEP [8] and altered matrix synthesis [9] . Simultaneously, CEP degeneration is always accompanied by a loss of cellularity, possibly secondary to cell apoptosis [10] [11] [12] , the identification of the cellular types in degenerated CEP is important for understanding the exact degeneration mechanism of CEP.
Recently, the presence of progenitor cells in human articular cartilage has been extensively investigated [13] [14] [15] . Although articular cartilage develops only from embryonic mesenchyme and intervertebral discs develop from the notochord as well, these two share similarities in cellular phenotype and extracellular matrix composition [16] . Progenitor cells in degenerated intervertebral discs have been demonstrated by Risbud and Blanco [17, 18] , but such a study has not been conducted for the CEP, although CEP is crucial for maintaining the vital function of intervertebral discs [12] .
The three-dimensional agarose suspension culture is a selection assay that only chondrocytes and tumor cells are able to survive [19] ; mesenchymal stem cells (MSCs), periosteal cells, and fibroblasts do not proliferate. Hence progenitor cells identified within cell clusters are thought to be genuine progenitor cells [20] . The purpose of this study was to utilize this suspension culture system to purify CEPderived cell clusters. The cell clusters whose diameter extended 50 lm were chosen, and expanded in vitro and identified to prove the hypothesis that progenitor cells exist in degenerated human CEP.
Materials and methods

Case selection
The CEP used in this study was obtained from seven patients who underwent posterior discectomy and fusion for lumbar degenerative disease ( Table 1 ). The approval of the Institutional Review Board and written informed consent for sample collection from the patients were obtained before commencement of the study. The state of CEP degeneration was assessed according to the Modic classification system [21] .
Harvest of CEP
Surgically explanted CEP was cleaned of any adherent extraneous tissue under a sterilized dissecting microscope. The nucleus pulposus, annulus fibrosus, and subchondral bone tissues around blocks of CEP was removed, using an ophthalmic operating instrument set under dissecting microscope (magnification 94). The average thickness of the CEP blocks was 0.8 mm. After washing with phosphate buffered saline (PBS), a small piece of tissue (from each donor) was used for hematoxylin and eosin (H&E) staining to rule out the possibility that any other tissues were also in the CEP. The remaining samples were used to isolate cells.
Confocal microscopy
To detect if mesenchymal stem cell markers such as STRO-1, CD105, CD73 and CD90 were located in some cells within the degenerated CEP tissues, these four antibodies were enrolled and detected by confocal microscopy. Briefly, representative portions of the specimens were received freshly in the operating room, cut into blocks 0.5-0.8 mm thick, immersion-fixed in liquid nitrogen and cut into 12-lm sections on a cryostat. Representative sections were incubated with following monoclonal antibodies: STRO-1 (mouse, 1:100, Santa, USA), CD105 (mouse, 1:100, Santa, USA), CD73 (mouse, 1:100, Santa, USA) and CD90 (mouse, 1:100, Santa, USA) overnight at 4°C, then washed, followed by incubation with a mixture of FITCconjugated goat anti mouse antibody (1:100, Santa, USA) for 1 h at 37°C. Finally, sections were washed and then mounted in Vectashield mounting medium (Vector Laboratories) containing 4 0 ,6-diamidino-2-phenylindole (DAPI) and visualized with a Leica confocal microscope.
Cell isolation
The remaining sample was minced into pieces \1 mm 3 , and digested with 0.15% collagenase II (Sigma, USA) in Dulbecco's modified Eagle's medium and Ham's F-12 nutrient mixture (DMEM/F12) containing 3% fetal calf serum (FCS) for 12 h at 37°C. The suspended cells were then filtered through a 70-lm filter to minimize cell aggregates. The cell suspension was transferred to a sterile conical tube and centrifuged for 10 min at 2009g. After aspirating the supernatant, the pellet was resuspended in DMEM/F12 supplemented with 10% FCS and 5 units/mL penicillin and streptomycin (Invitrogen Gibco, USA). The total cell number per tissue sample ranged from 2. culture flask (Costar Corning, USA) in a humidified atmosphere containing 5% CO 2 at 37°C. After the first passage, cells were subcultured in agarose suspensions.
Agarose cultures
To obtain proliferative chondrocyte clones, agarose culture was applied. The agarose culture protocol was that of Thornemo et al. [20] . Briefly, 2% low-melting agarose (Invitrogen, USA) was sterilized by autoclaving and equilibrated to 37°C. Culture dishes (60 mm in diameter, Costar Corning, USA) were coated with 1% low-melting agarose mixed with an equal volume of 37°C 2 9 DMEM/F12 and 2% low-melting agarose; the excess agarose was removed by aspiration. After that, a mixture of 0.75 mL DMEM/F12, 0.75 mL 2% low-melting agarose, and 1.5 mL 20% FCS/ DMEM/F12 containing 5 9 10 4 cells were added to the culture dishes. The final concentration of FCS was 10%. Culture dishes were held at 4°C for 15 min until gels solidified. Then the dishes were incubated in a humidified atmosphere containing 5% CO 2 at 37°C. The culture medium was refreshed with DMEM/F12 supplemented with 10% FCS and 5 units/mL penicillin and streptomycin twice a week. After 6 weeks, cell clusters (diameter[50 lm) were isolated using a sterile Pasteur pipette and subcultured in 6-well plates (Costar Corning, USA) for flow cytometry and the in vitro multilineage induction assay.
Colony forming unit (CFU) assay
To determine if cells screened by agarose culture were capable of forming colonies, 100 cells were plated in 100-mm culture plates and cultured for 14 days. The cells were stained with 0.5% crystal violet to count the cell number within colonies. A colony that contained [30 cells was considered as a valid CFU.
Flow cytometry analysis
For cell surface phenotyping of the antigens cluster of CD14, CD19, CD34, CD45, CD73, CD90, CD105, human leukocyte antigen (HLA)-DR, and STRO-1, cells from seven human donors at 90% confluence were detached and stained with monoclonal antibodies coupled with fluorescein isothiocyanate (FITC), CD73-FITC, CD90-FITC, CD105-PE, HLA-DR-PerCP and STRO1-FITC. All antibodies were purchased from eBioscience except STRO1-FITC (Santa Cruz Biotechnology, USA). After incubating for 30 min at 37°C, cells were washed 3 times with PBS. Finally, labeled cells were resuspended in 500 lL PBS and subjected to single channel flow cytometry. The extent of positive staining was calculated as a percentage of the total isotype control staining.
Differentiation assays
Three in vitro differentiation assays were performed: osteogenic, adipogenic, and chondrogenic induction. For osteogenic induction, cells were incubated in osteogenic medium containing 10% FCS, 10 nM dexamethasone, 10 mM b-glycerophosphate, and 0.1 mM L-ascorbic acid-2-phosphate for 21 days. The medium was changed twice a week. Negative control wells were maintained in DMEM/ F12 supplemented with 10% FCS. After 21 days, mineral deposits were identified by alizarin red staining.
Adipogenic differentiation of cell cultures was induced by exposing cells to a medium containing 10 lg/mL insulin, 1 lM dexamethasone, 500 lM 3-isobutyl-1-methyl xanthine, and 100 lM indomethacin for 72 h. The induction medium was replaced with a maintenance medium containing 10 lg/mL insulin in DMEM and 10% FCS, and kept in culture for 24 h. This 96-h treatment cycle was repeated 3 times, then the culture was maintained in adipogenic maintenance medium until 21 days. Negative control wells were maintained in DMEM/F12 supplemented with 10% FCS for the duration of the assay. After 21 days, lipid droplets were stained with Oil Red O.
For chondrogenic induction, cells were incubated using a micromass culture method. Micromass cultures were generated by 20 lL droplets of cell solution (1.0 9 10 7 cells/mL) in the center of multiwell plate wells. After cultivating micromass cultures for 2 h under high humidity conditions, warmed chondrogenic medium (low-glucose DMEM supplemented with 10 ng/mL transforming growth factor-b3, 10 -7 M dexamethasone, 50 lg/mL ascorbate-2-phosphate, 40 lg/mL proline, 100 lg/mL pyruvate, and 1:100 diluted ITS ? Premix) was added to the culture vessels and incubated up to 21 days. After 21 days of chondrogenic induction, the micromass cultures were fixed and stained with 1% alcian blue 8GX.
Reverse transcriptase polymerase chain reaction (RT-PCR)
Total RNA was extracted from cells cultured with or without osteogenic, adipogenic, or chondrogenic supplements, using an RNase kit (Qiagen GmbH, Germany) according to the manufacturer's instructions. Isolated RNA was treated with RNase-free DNase (Qiagen GmbH) before being reverse transcribed into cDNA. Total RNA was measured using a spectrophotometer (Beckman, Flllerton, CA) at 260 and 280 nm. RNA (one microgram) was reverse transcribed with an oligo (dT) primer using the ThermoScriptTM RT-PCR system (Invitrogen, USA) for cDNA synthesis. For PCR, 1 lL of cDNA template was used for each reaction and sequences were amplified using Taq DNA polymerase. Human-specific gene primers were designed and synthesized as in Table 2 . The RT-PCR results were normalized to the expression of the housekeeping gene glyceraldehydes-3-phosphate dehydrogenase (GAPDH).
Stem cell-related gene expression assay
To identify the expression of genes responsible for stem cells, three stem cell-related genes (NANOG, SOX-2 and OCT-4) were analyzed using RT-PCR. The details of related genes are listed in Table 2 .
Data analyses
The histological data was qualitatively described. Representative images were shown. The positive cell percentage analyzed by flow cytometry was reported as mean ± SD (n = 7). The paired-samples t test was employed to detect a significant difference between the positive staining group and the isotype-matched negative control. All data analyses were performed using SPSS 10.0, and p \ 0.05 was regarded as statistically significant.
Results
Modic type II changes and histomorphology of degenerated human CEP tissues
Typical Modic type II changes showed increased signal intensity both on T1-and T2-weighted spin-echo images (Fig. 1a, b) . The CEP appeared white and translucent after being cleaned under the dissecting microscope (Fig. 1c) . The extracellular matrix of the CEP tissues was homogeneous, with deposits of round-shaped chondrocytes distributed into different layers (Fig. 1d) . We observed no vascular or fat tissues in any of the CEP samples. Regarding the confocal microscopy assay, the results revealed that there were some cells that expressed STRO-1, CD105, CD73 and CD90 in the degenerated CEP tissues (Fig. 2) . This indicated that some cells in the degenerated 
Cell morphology of CEP-derived progenitor cells
Three-dimensional selective suspension culture with agarose was used to screen for proliferative chondrocytes. The cultured chondrocytes were uniformly distributed into the agarose and kept in the monoplast phase immediately after seeding (Fig. 3a) . After culture in agarose for 6 weeks, a portion of the cells formed cell clusters with diameters [50 lm, as observed under the phase contrast microscope. Some chondrocytes showed no division and persisted in monoplast phase (Fig. 3b) . Cells in dishes were capable of forming CFU (Fig. 3c) . When cell clusters were cultured in plates, cells adhered to the plate and exhibited a fibroblastlike morphology (Fig. 3d) .
Flow cytometry assay
Surface immunophenotypes were positive for CD73, CD90, CD105 and STRO-1, but negative for CD14, CD19, CD34, CD45 and HLA-DR (Fig. 4a) Fig. 4b .
In vitro osteogenic, adipogenic and chondrogenic assays
After populations of cell clusters were expanded, CEPderived progenitor cells were divided into three groups and induced to osteogenesis, adipogenesis, or chondrogenesis in their respective specific media for 21 days. In the osteogenic assay, the CEP-derived progenitor cells exhibited the formation of a calcium-rich matrix (Fig. 5b) ; cells cultured in the growth medium showed minimal alizarin red staining (Fig. 5a) , suggesting little or no formation of calcium-rich matrix.
In the adipogenic assay, CEP-derived progenitor cells exhibited characteristic intracellular lipid droplets that could be stained with Oil Red O (Fig. 5e) . In contrast, no adipocytes containing lipid vacuoles could be identified in the non-induction group (Fig. 5d) .
In the chondrogenic micromass culture medium, cells began to form aggregates within the first 1-2 days of culture. During successive cultures, adjacent nodules began to coalesce and aggregates increased in size (Fig. 5g) . After induction for 21 days, the aggregates exhibited a positive alcian blue staining both in gross (Fig. 5h ) and histologic (Fig. 5k) , demonstrating the presence of a sulfated proteoglycan-rich extracellular matrix, characteristic of cartilage. In the growth culture, no aggregates formed and very few cells amongst the aggregate stained positively for alcian blue (Fig. 5j) .
In addition, mRNA analysis of RT-PCR results revealed that the osteogenesis-related genes (ALP, OC, and RUNX-2; Fig. 5c ), the adipogenesis-related genes (PPAR-2, APP and LPL; Fig. 5f ) and chondrogenesis-related genes (AGG, COL II and SOX-9; Fig. 5i ) were all markedly increased in the respective induced group as compared to the control (non-induction, growth) group.
Stem cell-related gene expression NANOG, SOX-2, and OCT-4 are key regulators of gene transcription in primitive stem cells. NANOG, SOX-2, and OCT-4 were also expressed in the CEP-derived progenitor cells (Fig. 6 ).
Discussion
The overall results of the present study demonstrated that there is a population of multipotent stem cells within degenerated human CEP. The gross and histologic morphologies of CEP showed that there were no vascular or fat tissues in the retrieved samples, ensuring that other potential sources of stem cells were eliminated. Thus, cells expressing STRO-1, CD105, CD73 and CD90 detected by confocal microscopy are derived from CEP tissues rather than vascular or fat tissues.
The agarose suspension culture selects for chondrocytes; these are the only cell type able to survive apart from tumor cells [19] . Thornemo et al. [20] cultured human articular chondrocytes in agarose for 6 weeks and identified cell clusters whose diameters were greater than 50 lm. Furthermore, these cell clusters had a capacity for multidirectional differentiation [20] . Using this culture, we not only excluded cells other than chondrocytes but also portions of these formed cell clusters whose diameter extended beyond 50 lm. These were chosen and expanded for further CFU assays, flow cytometry for cell surface antigens, and osteogenic, adipogenic, and chondrogenic differentiation.
In the CFU assays, we used a low cell seeding density (\50 cells/cm 2 ), as Sekiya et al. [22] reported that at 50 cells/cm 2 , cells with stem or progenitor cell characteristics could survive while other types died due to loss of cell-to-cell contact or underwent dissolution because of low proliferation velocity. In our assay, CEP-derived progenitor cells were expanded in vitro and formed colonies.
The flow cytometry assays for cell surface antigens showed high expressions ([95%) of CD73, CD90 and STRO-1 and negative expressions (\2.0%) of the panmonocytic antigen CD14, the pan-B-cell marker CD19, the hematopoietic stem cell marker CD34, the pan-hematopoietic marker CD45 and the class 2 HLA antigen HLA-DR. The expression of adhesion molecule CD105 was a little lower (82.02%). In a previous study of nucleus pulposusderived progenitor cells, the expression of CD105 was also a little lower, and the authors attributed this to their presence in this unique location of the notochord [18] . In the current study, the histomorphologic results of tri-lineage induction of CEP-derived progenitor cells and the expression of the corresponding osteogenic, adipogenic, and chondrogenic lineage-specific genes lent further strength to the efficacy of the differentiation assays. There is no specific marker to identify MSCs, but according to their biological characteristics reviewed by Kolf et al. [23] and the criteria set by the International Society for Cellular Therapy (ISCT) [24] our results fulfilled the majority of the requirements for MSCs: in vitro adherence to plastic surfaces, an immunophenotypic profile, and the capacity to differentiate into osteogenic, adipogenic and chondrogenic lineages.
Although STRO-1 was not mentioned in the ISCT criteria, STRO-1 was found to be a suitable marker to identify multipotential cells [25] . In our study, CEP-derived progenitor cells also expressed the stem cell-related genes OCT-4, NANOG and SOX-2. In a previous study, these three genes were expressed highly in pluripotent cells and were considered markers of primitive human CEP [26] . Thus, there is potent evidence for the existence of progenitor cells in degenerated human CEP. Modic changes, visible in magnetic resonance imaging (MRI), are a feature associated with degenerative intervertebral disc disease. These endplate lesions are divided into three categories, I-III [21] . All the CEP samples employed in this study were Modic type I or II, revealed by MRI, and indicated CEP degeneration. The exact pathogenesis of Modic changes is not known. Type I changes are hypointense on T1-weighted imaging (T1WI), hyperintense on T2-weighted imaging (T2WI), and represent bone marrow edema and inflammation. Type II are hyperintense on T1WI, isointense or slightly hyperintense on T2WI, and are associated with the conversion of normal red hemopoietic bone marrow to yellow and fatty as a result of marrow ischemia. Type III changes are hypointense on both T1WI and T2WI, and thought to represent subchondral bone sclerosis [21] . These changes are conventionally considered reversible, and our study indicated that cells from the CEP had the potential to differentiate into multilineages that included adipocytes, osteocytes and chondrocytes. The reversibility of Modic changes may well be attributed to the fact that in the degenerated disc there are many inflammatory cytokines, and these mediators might have the capacity to induce the differentiation of progenitor cells.
The findings described above are clinically relevant, as they open up new avenues for managing cases of degenerative disc disorders. There are, however, certain issues that would need to be addressed in future studies in this direction. The cell markers used in this study, although suitable for characterizing the progenitor phenotype, need to be supplemented by a larger and broader group to make the study comprehensive. Secondly, these CEP-derived progenitor cells were harvested from degenerated intervertebral discs, which might include a substantial amount of inflammatory factors and cytokines. It is not known what effects these mediators might have had on the progenitor cell population within the injured CEP. Hence, whether progenitor cells exist in the normal human CEP is needed to be clarified in further work. Finally, there needs to be further analyses to complete the characterization of CEPderived progenitor cells and to ascertain if they are similar to those found in bone marrow.
To our knowledge, this is the first time the presence of progenitor cells has been described in degenerated human CEP, and these cells exhibited universal progenitor cell characteristics. In addition, the ability to isolate progenitor cells from degenerated human CEP tissues will improve our understanding of the role of resident CEP-derived progenitor cells in intervertebral disk disease pathophysiology, repair and degeneration processes such as DDD in humans.
